Introduction
Hepatocellular carcinoma (HCC) accounts for 90% of primary liver cancers and is one of the most common cancers and the second leading cause of cancer-related death worldwide. 1, 2 Because symptom presentation is generally late, most patients with HCC are diagnosed at advanced stages when surgical treatments are unsuitable. 3, 4 Moreover, whereas surgical resection and liver transplantation are considered potentially curative for patients with HCC, 5 prognoses remain discouraging, with little improvement in recurrence rates and 5-year overall survival (OS; only 34%-50%). Hence, novel diagnostic biomarkers for early detection of HCC and associated therapeutic strategies are urgently required, warranting further molecular investigations of the molecular pathogenesis of HCC.
Differential expression analyses using cDNA microarrays of entire genomes offer powerful tools for studies of the molecular basis of carcinogenesis, 6 and online cancer microarray databases with genome-wide expression analyses from multiple cohorts are central to the discovery of novel early diagnostic biomarkers and therapeutic targets.
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shen et al tumor samples of the Cancer Genome Atlas (TCGA) cohort are available through the Gene Expression Profiling Interactive Analysis (GEPIA) website and indicated significantly increased CDAC5 mRNA expression in various tumor tissues. Recent studies corroborate oncogenic activities of CDCA5 in various types of tumors. [9] [10] [11] [12] CDCA5 was initially identified as a substrate of the anaphase-promoting complex and as a master regulator of sister chromatid cohesion and separation during the cell cycle. Moreover, CDCA5 is reportedly required for stable cohesion of chromatids during S and G2/M cell cycle phases and is then degraded via anaphase-promoting complex-dependent ubiquitination during the G0/G1 phase. [13] [14] [15] [16] [17] CDCA5 knockdown experiments confirm associations of CDCA5 with cell cycle progression at the G2/M phase checkpoint and show significant suppression of tumor growth in the absence of CDCA5. 11, 12, 18 Clinical studies also show significantly increased CDCA5 expression in various tumor tissues and demonstrate correlations with poor prognosis. [9] [10] [11] [12] Hence, CDCA5 likely plays specific roles in tumor progression and is a potential biological marker of prognosis that may be targeted using molecular therapies. However, the clinical significance and biological function of CDCA5 in HCC remain poorly understood. Herein, we addressed the roles and underlying mechanisms of CDCA5 in HCC by comparing CDCA5 mRNA and protein expression levels in HCC tissues and noncancerous liver tissues and then correlated CDCA5 expression with survival of patients with HCC. Finally, we defined the underlying mechanisms in CDCA5 knockdown studies and assays of proliferation, apoptosis, and cell cyclerelated genes in HCC cells.
Materials and methods
Bioinformatics analyses
CDCA5 mRNA expression in diverse tumor samples (including HCC) was analyzed using the GEPIA website, [19] [20] [21] which contains RNA sequencing and expression data for 9,736 tumors and 8,587 normal tissues from the TCGA and Genotype-Tissue Expression (GTEx) projects (http://gepia.cancerpku.cn/detail.php). We calculated median expression levels of CDCA5 in all tumor samples and paired normal tissues and present these in bar plots. Subsequently, we calculated differences in OS and disease-free survival (DFS) between patients with HCC with higher and lower than median CDCA5 expression. Correlations between CDCA5 and cyclin-dependent kinase 1 (CDK1)/CyclinB1 (CCNB1) were generated based on expression profiles in the TCGA cohort through the GEPIA website using the person method.
Using Oncomine gene expression array datasets (https:// www.oncomine.org), CDCA5 mRNA expression levels in HCC samples were analyzed from two published datasets (GEO accession numbers GSE3500 and GSE6764) [22] [23] [24] and were used to generate scatter plots. Details of standardized normalization techniques and statistical calculations are provided on the Oncomine website.
Immunohistochemistry images were downloaded from the publicly available Human Protein Atlas (HPA; http:// www.proteinatlas.org) version 8.0, which is a database of tissue microarray (TMA) images that were labeled with antibodies against 11,250 human proteins. 25 These TMAs comprise sections from 46 normal human tissues and 20 types of human cancers. The analyses in present study were performed using HPA images of liver sections that were labeled with CDCA5 (HPA023691) antibodies.
Tissue cDna array analyses
Tissue cDNA arrays from 28 cases of paired HCC tissues and adjacent normal tissues were purchased from Shanghai Outdo Biotech Company (Shanghai, China). Quantitative polymerase chain reaction (Q-PCR) analyses were then performed using an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) with commercially synthesized primers for targets of interest (Table 1 ). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control, and relative mRNA expression was determined using the cycle threshold (CT) formula 2
−ΔΔCT
, where ΔCT = [CT (target gene) − CT (GAPDH)]. The primer sets for amplification 
Cell confluence observations
After transfection of Huh-7 cells with sh-CDCA5 lentiviruses or sh-Ctrl lentivirus for 72 h, cell growth was assessed by determining cell confluence and green fluorescent protein expression using a phase contrast fluorescence microscope (Axio Observer A1, Carl Zeiss AG, Jena, Germany). Images were captured at a magnification of 200×.
Trypan blue dye exclusion
Huh-7 cells were seeded into six-well plates (5×10 4 cells/well) in complete medium and were transfected with sh-Ctrl or one of the three sh-CDCA5 lentiviruses for 72 h and were then collected by trypsinization and resuspended in fresh complete medium. Subsequently, 10-μL aliquots of cells were mixed with 10-μL aliquots of 0.4% trypan blue dye (VWR International, Radnor, PA, USA), and cell counting was performed using a Countstar Automated Cell Counter (Inno-Alliance Biotech, Wilmington, DE, USA).
cell growth assays
After transfection with sh-Ctrl or sh-CDCA5 lentiviruses for 72 h, Huh-7 cells were collected and reseeded into 96-well plates (1×10 3 /well) in complete medium. Cell viability was then determined using cell counting kit-8 (CCK-8; Donjindo, Kumamoto Japan) assays at indicated time points according to the manufacturer's protocol. Briefly, after addition of 10 μL of CCK-8 reagent to culture wells, samples were incubated for an additional 2 h at 37°C in the dark, and absorbance was measured at 450 nm using a microplate reader (Bio-Tek, Winooski, VT, USA).
colony formation assays
Transfected cells were collected and diluted in medium in the absence of sh-Ctrl or sh-CDCA5 lentiviruses and were then reseeded into 12-well plates at a density of 500 cells/well. After 8-10 days culture, supernatants were discarded, and cells were washed three times in PBS, were fixed with 4% paraformaldehyde for 20 min, and were finally stained with 0.01% crystal violet (Solarbio, Beijing, China) for 20 min. Photographs were taken, and numbers of colonies were counted. Finally, cell survival was calculated relative to that of sh-Ctrl cells.
cell cycle analyses
Cell cycle progression was determined using propidium iodide (PI) staining and flow cytometry. In these experiments, 1×10 6 transfected cells were collected in PBS, were fixed in 70% ethanol overnight at −4°C, and were then centrifuged at 1,000 rpm for 5 min, washed with PBS, and finally collected by centrifugation at 1,000 rpm for 5 min. Cells were then resuspended in 400 μL of PI staining buffer and were incubated for 15 min at room temperature in the dark. Fluorescent signals were detected using flow cytometry (BD, Franklin Lakes, NJ, USA), and proportions of DNA in different cell cycle phases were determined using ModfitLT version 3.0 (Verity Software House, Topsham, ME, USA).
hoechst staining
Apoptosis was determined using Hoechst staining assays. Briefly, transfected cells were fixed with 4% polyoxymethylene and were then incubated in Hoechst 33258 solution for 10-15 min in the dark. Staining images were captured at a magnification of 200× and were recorded using a phase contrast fluorescence microscope (Axio Observer A1, Carl Zeiss AG).
annexin V-aPc assays instructions. Numbers of apoptotic Huh-7 cells were then determined using flow cytometry with a fluorescence-activated cell sorting (FACS) caliber instrument (BD). Percentages of apoptotic cells were calculated according to Annexin V staining.
Western blotting
Cells were lysed in Western and IP cell lysis buffer (Beyotime, Shanghai, China) containing phenylmethanesulfonyl fluoride (PMSF; VWR International) on ice for 30 min and were centrifuged at 14,000 rpm for 10 min at 4°C. After collecting supernatants, equal amounts of proteins were separated on 12% sodium dodecyl sulfate polyacrylamide gel and were transferred onto polyvinylidene difluoride membranes. Membranes were then incubated with tris-buffer-solution-tween (TBST) containing 5% skim milk at 37°C for 2 h, followed by primary rabbit anti-CDCA5 (1:2,000 dilution; Abcam, Cambridge, UK), rabbit anti-CDK1 (1:1,000 dilution; Abcam), rabbit anti-CCNB1 (1:500 dilution, Cell Signaling Technology, Inc.
[CST], Danvers, MA, USA), or rabbit anti-GAPDH (1:1,000 dilution; CST) antibodies at 4°C overnight. After three 10-min washes in TBST, membranes were incubated with goat anti-rabbit secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature for 1 h. Membranes were finally washed three times in TBST for 10 min each, and chemiluminescent signals were detected using ECL kits (Thermo Fisher Scientific, USA). GAPDH protein expression was used as an internal control.
statistical analysis
Data are expressed as mean ± standard deviations of three independent experiments. Differences between two groups were identified using unpaired or paired Student's t-tests, and those between multiple groups were identified using one-way ANOVA. All statistical analyses were performed using SPSS18.0 software, and differences were considered significant when P,0.05.
Results
cDca5 is upregulated in hcc tissues
Analyses of mRNA expression among various tumor samples from published datasets on the GEPIA website indicated significantly greater CDCA5 expression in tumor tissues than in matched normal tissues ( Figure 1A ). In particular, CDCA5 was significantly upregulated in HCC tissues compared with normal liver tissues (*P,0.05; Figure 1B ). In agreement, analyses of the Oncomine platform (https://www.oncomine. org) from Chen's published dataset (http://genome-www. stanford.edu/hcc/Figures/ArrayInformation.htm) showed dramatic increases in CDCA5 in HCC tissues (n=101) compared with normal liver tissues (n=68; Figure 1C ; fold change: 4.400; t-test: 11.810; P=4.55E-24,0.05). Moreover, in comparisons of HCC tissues (n=35) with normal liver tissues (n=10) from Wurmbach's dataset (GEO accession, GSE6764), CDCA5 expression was higher in HCC tissues ( Figure 1D ; fold change: 2.422; t-test: 5.128; P=4.84E-6,0.05). To further verify these observations, we performed Q-PCR analysis using cDNA arrays of 28 paired HCC and normal liver tissue samples and again observed greater CDCA5 expression in HCC tissues (P,0.05; Figure 1E ). Finally, analyses of data from the HPA (https:// www.proteinatlas.org) confirmed CDCA5 expression in HCC tissues and undetectable expression in normal liver tissues ( Figure 1F) . Collectively, these studies demonstrate that CDCA5 mRNA and protein levels are higher in HCC than in normal liver tissues, suggesting that CDCA5 acts as an oncogene that promotes HCC.
high cDca5 expression indicates poor survival of patients with hcc
To correlate CDCA5 expression with survival of patients with HCC, a total of 364 HCC samples with CDCA5 expression and survival data were analyzed. As shown in Figure 2A , high CDCA5 expression was associated with poorer OS (P,0.05) and DFS (P,0.05; Figure 2B ), suggesting that high expression of CDCA5 in HCC is predictive of poor prognosis.
cDca5 knockdown suppresses growth of hcc cells
To assess the functions of CDCA5 in HCC cells, three different lentivirus-mediated shRNAs were generated to knock down the expression of CDCA5 in human Huh7 cells. After transfection, knockdown efficiency of the shRNA lentiviruses was determined using Western-blotting analyses, which showed significant downregulation of CDCA5 protein expression after transfection with three sh-CDCA5 lentiviruses compared to after transfection with sh-Ctrl lentivirus ( Figure 3A) . Cell confluence observations also indicated that CDCA5 knockdown significantly decreased cell growth ( Figure 3B and C) , and suppression of Huh7 cell growth was confirmed in cell counting analysis (*P,0.05; Figure 3D ).
cDca5 knockdown reduces viability and survival and induces cell cycle arrest of hcc cells
In CCK-8 assays, CDCA5 knockdown using sh-CDCA5-1, sh-CDCA5-2, or sh-CDCA5-3 decreased the viability of Notes: (A) cDca5 transcription levels in various types of cancers; the graph was generated from the gePia website and is based on the expression of cDca5 in various types of cancers from multiple cohorts of Tcga study. cDca5 expression is presented as "median expression of cDca5" in each cancer type. (B) cDca5 expression in hcc tissues (n=369), and normal liver tissues (n=50) was analyzed based on that in the Tcga, as accessible on the gePia website (*P,0.05). (C) cDca5 mrna in hcc (n=101) and normal liver tissues (n=68) was analyzed based on that presented in chen's published dataset (geO accession: gse3500) through the Oncomine platform (P,0.05). (D) cDca5 mrna in hcc (n=35) and normal liver tissues (n=10) was analyzed based on that in Wurmbach's published dataset (geO accession: gse6764) through the Oncomine platform (P,0.05). (E) cDca5 expression was determined in 28 pairs of hcc samples using Q-Pcr and was normalized to gaPDh (*P,0.05); hcc versus normal liver tissues. (F) cDca5 protein expression in hcc and normal liver tissues was analyzed using the hPa website, from which the present images were retrieved. Magnification is ×40 and ×400, respectively. Notes: (A) Overall survival outcomes of patients with hcc were analyzed using log-rank tests based on cDca5 expression in hcc tissues from the Tcga cohort. Kaplan-Meier curves are plotted for CDCA5, and HRs and 95% confidence intervals are shown (P,0.05). (B) DFs outcomes of patients with hcc were analyzed using the log-rank test based on CDCA5 expression in HCC tissues from the TCGA cohort. Kaplan-Meier curves are plotted for CDCA5, and HR and 95% confidence intervals are shown (P,0.05). Abbreviations: DFs, disease-free survival; hcc, hepatocellular carcinoma; hrs, hazard ratios; Tcga, the cancer genome atlas. Huh7 cells (*, #, and Δ; P,0.05, versus sh-Ctrl, respectively; Figure 4A ). Moreover, colony formation assays ( Figure 4B ) showed decreased numbers of colonies and cell survival rates after CDCA5 knockdown in Huh7 cells. Collectively, these data show that CDCA5 knockdown decreases cell viability and survival of Huh7 cells. Because shRNA-mediated knockdown of CDCA5 significantly suppressed Huh-7 cell growth, we examined the effects on distribution of cells across the cell cycle using PI staining and flow cytometry analyses ( Figure 4C ). In these experiments, transfection of Huh-7 cells with sh-CDCA5 lentiviruses led to higher percentages of cells in the sub G2/M stage compared with the control group, indicating that G2/M arrest contributes to the cell growth suppressing effects of CDCA5 knockdown.
Abbreviations
cDca5 knockdown induces apoptosis of hcc cells
In further experiments, we assessed the effects of CDCA5 knockdown on apoptosis using Hoechst and Annexin V staining. As shown in Figure 5A , CDCA5 knockdown cells showed typical apoptotic features such as condensed chromatin and fragmented nuclear morphology, whereas the sh-Ctrl cell nuclei were homogeneously and less intensely stained. Similarly, Annexin V staining and FACS analyses Notes: (A) cell counting kit-8 assays were performed to determine huh-7 cell viability following transfection with the shrna encoding lentiviruses above, and viability was normalized to the absorbance at 450 nm of Day 1 for each group; *, #, and Δ represent sh-cDca5-1, sh-cDca5-2, and sh-cDca5-3 versus sh-ctrl, respectively; P,0.05. (B) colony formation assays were used to determine cell survival after 72-h transfection; 800 cells from each group were reseeded into 12-well plates and were cultured for 8-10 days. colonies were stained with crystal violet, and survival rates were normalized to the numbers of colonies in the sh-ctrl (100%) group, *P,0.05 versus sh-ctrl. (C) After transfection with the three different sh-CDCA5 or sh-Ctrl lentiviruses for 72 h, Huh7 cells were stained with propidium iodide solution and were analyzed using flow cytometry. cell cycle distributions (upper panel) and percentages of g2/M phase cells (lower panel) are shown; *P,0.05 versus sh-ctrl. Abbreviations: hcc, hepatocellular carcinoma; sh-ctrl, control. Figure 5B ). Taken together, these data show that CDCA5 knockdown strongly induces apoptosis in HCC cells.
cDca5 knockdown downregulates ccnB1 and cDK1
Because CDCA5 knockdown significantly suppresses cell proliferation by inducing cell cycle progression at the G2/M phase, we assessed expression levels of the cell cycle control proteins CDK1 and CCNB1 after CDCA5 knockdown with sh-CDCA5-1 lentivirus ( Figure 6A ). CDK1 and CCNB1 expression levels are reportedly increased in tumor tissues and are essential for G2/M phase transitions in cancer cells. [26] [27] [28] [29] In the present study, CDCA5 knockdown significantly decreased the expression of these proteins, and in analyses of data from the GEPIA website, CDK1 and CCNB1 expression levels were significantly greater in HCC tissues than in normal liver tissues ( Figure 6B ) and were both positively correlated with CDCA5 mRNA expression in HCC samples ( Figure 6C, P,0.05) . Hence, CDK1 and CCNB1 contribute to cell cycle arrest following CDCA5 knockdown.
Discussion
The key findings of this study are that CDCA5 mRNA and protein expression levels are significantly increased in HCC tissues and that these are correlated with poor prognosis of patients with HCC. Moreover, suppression of cell growth following CDCA5 knockdown was indicated by assays of cell viability and survival and analyses of cell cycle arrest in HCC cells. Specifically, CDCA5 knockdown suppressed CDK1 and CCNB1 expression levels, and these were positively correlated with CDCA5 levels in HCC samples. Collectively, these data warrant consideration of CDCA5 as an oncogene in HCC, with potential as a diagnostic marker and prognostic biomarker and therapeutic target.
Despite recent improvements in treatments for HCC, disease-specific mortality remains high and novel early diagnostic biomarkers and therapeutic targets are eagerly awaited. Notes: (A) cDK1 (left panel) and ccnB1 (right panel) protein expression were determined in huh-7 cells using Western blotting following transfection with sh-cDca5 or sh-ctrl lentiviruses. gaPDh was used as a loading control. (B) cDK1 and ccnB1 mrna expression levels in hcc tissues (n=369) and normal liver tissues (n=50) were analyzed based on cDca5 expression data in the Tcga cohort through the gePia website (*P,0.05). (C) correlations between cDca5 levels and cDK1 and ccnB1 expression, respectively, were generated from data of the Tcga cohort through the gePia website using the person method (*P,0.05). Abbreviations: CCNB1, CyclinB1; CDK1, cyclin-dependent kinase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GEPIA, Gene Expression Profiling Interactive analysis; hcc, hepatocellular carcinoma; sh-ctrl, control; Tcga, the cancer genome atlas.
Herein, we used the GEPIA website, which was set up as a platform for identifying candidate genes using data from multiple cohorts, and confirmed previous studies showing that CDCA5 expression is significantly upregulated in various tumor types. [9] [10] [11] [12] Moreover, based on these GEPIA results, we performed further analyses using Oncomine and HPA databases and found that CDCA5 mRNA and protein levels are significantly increased in HCC. Corresponding
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shen et al CDCA5 mRNA expression levels were confirmed in Q-PCRbased tissue cDNA arrays, indicating that high expression of CDCA5 is common in HCC and could be exploited for early diagnoses. Accordingly, high CDCA5 expression was significantly associated with poor OS and DFS among patients with HCC. These findings are consistent with previous studies of other cancers [9] [10] [11] [12] and suggest that CDCA5 plays critical roles in the progression of HCC.
CDCA5 is a substrate of the anaphase-promoting complex and participates in the regulation of sister chromatid cohesion, which is required during S and G2 phases of the cell cycle and, therefore, for cell cycle progression. [13] [14] [15] [16] [17] Increasing evidence shows that knockdown of CDCA5 significantly suppresses cancer cell growth in vitro and in vivo. [9] [10] [11] [12] However, because the functional roles of CDCA5 in HCC are poorly understood, we initially determined the effects of CDCA5 knockdown on HCC cell growth after transfecting cultured hepatoma cells with three different lentivirus-encoded shRNAs. Transfection with sh-CDCA5 letiviruses markedly decreased the CDCA5 on protein level, indicating efficient knockdown in Huh7 cells. Further cell counting and morphology observations of these cells were corroborated by CCK-8 and colony formation assays, which indicated that knockdown of CDCA5 markedly decreases cell viability and survival, as indicated previously. [9] [10] [11] [12] Eukaryotic cell proliferation is primarily regulated by the cell cycle, and CDCA5 has been associated with cell cycle control. 15, 26 Thus, we performed cell cycle analyses of CDCA5 knockdown Huh7 cells and showed increased cell cycle arrest at the G2/M phase. Recent studies also demonstrate roles of CDCA5 in cell cycle progression and apoptosis of other cancer cells. 11, 12, 18 Apoptotic cell death plays important roles in the tissue development and homeostasis 27 and is the desired outcome of all cancer preventive strategies. 28 In the present Hoechst staining analyses and Annexin V assays, silencing of CDCA5 significantly induced apoptosis of Huh7 cells, further confirming the tumor-suppressive effects of CDCA5 knockdown in HCC and indicating the therapeutic potential of CDCA5 as a target for anti-HCC treatments.
CDK1 and CCNB1 are accepted as central regulators of cell cycle progression at the G2/M checkpoint. [29] [30] [31] [32] Thus, induction of G2/M cell cycle arrest by CDCA5 knockdown is likely mediated by CDK1 and CCNB1. Accordingly, our Western-blotting analysis of CDK1 and CCNB1 showed significant suppression in CDCA5 knockdown cells, and expression and correlation analyses of CDCA5 and CDK1/ CCNB1 from the TCGA cohort indicated that CDK1 and CCNB1 expression levels are increased in patients with HCC and are positively associated with CDCA5. Taken together, these findings indicate that manipulations of CDCA5 expression could be used to suppress tumors by mitigating CDK1 and CCNB1-mediated cell cycle progression at the G2/M phase.
Conclusion
The present study demonstrates that CDCA5 is strongly expressed in HCC tissues and is significantly associated with shorter survival of patients with HCC. We also show previously uncharacterized mechanisms that underlie the roles of CDCA5 in the progression of HCC and suggest that CDCA5 has potential as a diagnostic and prognostic marker for HCC and a therapeutic target for cancer.
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